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C horoidal neovascularization (CNV) is a major cause of visual loss especially in the elderly. Recent studies 1,2 have established a key role for increased production of vascular endothelial growth factor (VEGF) in the development and progression of CNV. Vascular endothelial growth factor is secreted from the basal side of the retinal pigment epithelium (RPE) toward the choroid, and high levels of VEGF receptors, such as kinase insert domain receptor (KDR/VEGFR2) and fmsrelated tyrosine kinase-4 (FLT-4/VEGFR3), are found on the choriocapillaris endothelium facing the RPE layer. 3, 4 Although overexpression of VEGF in RPE cells is sufficient to induce CNV in rats, the role of other regulatory factors in the pathogenesis of human CNV cannot be excluded. 1, [5] [6] [7] Propranolol is a nonselective b-adrenergic receptor (b-AR) blocking agent that specifically competes with b-AR agonists such as epinephrine and norepinephrine at the b1-or b2-AR sites. 8 An in vitro study 9 has shown that propranolol inhibits angiogenesis via attenuation of proliferation, migration, and differentiation of endothelial cells. Furthermore, this study reports that propranolol inhibits VEGF overexpression and decreases induction of tyrosine phosphorylation of VEGFR-2; this inhibits activation of the extracellular signal-regulated kinase-1/2 and secretion of the extracellular matrix-degrading enzyme matrix metalloproteinase (MMP)-2. Other studies 10, 11 have also demonstrated that propranolol and other b blockers dose-dependently reduce upregulated VEGF and decrease hypoxic levels of insulin growth factor-1 (IGF-1) mRNA and hypoxia-inducible factor-1 (HIF-1), which are necessary for new vessel formation.
Multiple case studies have reported that systemic propranolol could decrease the size of orbital hemangiomas. 12, 13 In addition, a few studies 11, 14 have demonstrated that systemic prescription of propranolol has antiangiogenic effects and could inhibit retinal and choroidal neovascularization in animal models. To increase ocular local delivery of propranolol and reduce its potential systemic toxicity, the present study was conducted to determine the safe dose of intravitreal propranolol (IVP) in rabbits and mice, and to assess its inhibitory effect in a mouse model of laser-induced CNV. 
METHODS

Study Design
A two-phase study was designed to identify the maximum safe dose of IVP injection in rabbits and mice and to evaluate the possible inhibitory effect of IVP in a mouse laser-induced CNV model. All animal experiments were conducted in accordance with the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the Institutional Animal Care and Use Committee of the University of Wisconsin School of Medicine and Public Health and the Shahid Beheshti University of Medical Sciences. Animals were housed on a 12-hour lightdark cycle, with food and water provided ad libitum. Intramuscular injection of ketamine (80 mg/kg) and xylazine (10 mg/kg) was used for anesthesia. To induce pupillary dilation, 1% topical tropicamide was used.
Phase I
Thirty-two female New Zealand white rabbits weighing approximately 1.5 kg were divided into four groups; each group included eight rabbits receiving intravitreal injections in their right eyes. The groups B, C, and D received a single IVP (15 lL) injection corresponding to doses of 15, 30, and 60 lg, respectively. The control group (group A) received 15 lL normal saline. Injections were performed under sterile conditions with a surgical microscope by an expert ophthalmologist who was masked to the study. Ophthalmic examinations for intraocular inflammation, cataract formation, and retinal damage, and electroretinography (ERG) investigations were performed at baseline and on days 7 and 28 after injections. Finally, animals were euthanized and the enucleated eyes were processed for routine histopathologic evaluations and glial fibrillary acidic protein (GFAP) immunostaining. From clinical, ERG, and histopathologic data, the maximum safe dose of IVP was estimated for phase II of the study. To confirm that the selected doses are appropriate for preclinical evaluations in a mouse model of CNV, a similar experiment, excluding ERG analysis, was performed in 24 C57BL/6J mice. Mice were randomized into four groups, three of which (groups II-IV) received a single IVP injection (2 lL) of 0.15, 0.3, and 0.6 lg, respectively, corresponding to doses of 15, 30, and 60 lg in rabbits, determined on the basis of approximate volume of vitreous in mice and rabbits. The control (group I) received 2 lL saline. Mice received the same injections in both eyes; right eyes were used for histologic evaluations and left eyes were used for RNA isolation and qPCR analysis (see below).
Electroretinography in Rabbits. Animals were dark adapted for 12 hours, and all the following preparations were carried out under dim red illumination. Baseline ERGs were recorded just after injections. After intramuscular injection of ketamine and xylazine for anesthesia, pupil was dilated with 1% topical tropicamide. The body temperature of animals was kept constant during the ERG recording by placing the animals on a warmed platform (388C). A ground electrode was fitted subcutaneously in the base of the tail and two reference electrodes were placed into the subcutaneous tissue behind the ears. A gold-wire electrode (Roland Consult, Brandenburg, Germany) internally covered with one drop of 2% methylcellulose gel (EyeGel; Eyeol, Dunstable, UK) was positioned to touch the central cornea. Again, rabbits were dark adapted for 10 minutes and scotopic recordings were made by using scotopic flash ERG at light intensities of 3 and 10 cd.s/m 2 . After 10 minutes of light adaptation, photopic cone responses were recorded by use of a photopic flash ERG at light intensity of 3 cd.s/ m 2 . The analogue filters of the ERG device were set to the frequency ranges of 0.5 to 200 Hz for both scotopic and photopic flash ERGs. Histopathology and Immunohistochemistry. Animals were euthanized and the enucleated eyes were fixed in 10% formalin. Eyes were bisected axially and processed before embedding into paraffin blocks. Thin tissue sections at five different tissue planes (200 lm apart) were prepared and stained with hematoxylin-eosin. Immunohistochemical staining for GFAP (Z 0334; Dako, Glostrup, Denmark) was also performed. The sections were examined under light microscopy (BX41; Olympus, Tokyo, Japan) by two masked ophthalmic pathologists for the presence of hemorrhage, inflammation, necrosis, and atrophy in the retina.
The results of GFAP immunoreactivity were scored by two ocular pathologists masked to the treated specimens on a scale from 0 to 5: 0, no staining; Preparation of RNA and qPCR Analysis. The left eyes from mice receiving saline or different amounts of propranolol were enucleated and retinas were used for isolation of total RNA. Retinas (one pair) were homogenized in 1 mL Trizol (Life Technologies, Carlsbad, CA, USA). First, 0.2 mL chloroform was added to each sample, followed by vortexing for 20 seconds, and incubated at room temperature for 2 to 3 minutes. Samples were centrifuged at 16,000g for 20 minutes at 48C and the aqueous phase (top) was transferred to a new tube. An equal volume of 100% RNase-free ethanol was added to each sample, and samples were loaded onto an RNeasy column (Qiagen, Valencia, CA, USA) and centrifuged for 30 seconds at 8000g. The flow-through was discarded and 700 lL Buffer RW1 added to the column and centrifuged for 30 seconds at 8000g. Samples were washed twice with 500 lL Buffer RPE. The columns were transferred to a new 1.5-mL collection tube and 40 lL RNase-free water was added directly to the column membrane and incubated for 1 to 2 minutes at room temperature. RNA was eluted by centrifuging for 1 minute at 8000g. Complementary DNA (cDNA) synthesis was performed from 1 lg total RNA by using Sprint RT Complete-Double PrePrimed Kit (Clontech, Mountain View, CA, USA) as recommended by the supplier. For qPCR, 1 lL of each cDNA (1:10 dilution) was used as template in qPCR assays, performed in triplicate on Mastercycler Realplex (Eppendorf, Hauppauge, NY, USA) by using the SYBR qPCR Premix (Clontech) with specific primers: Gfap-F (AGGGACAACTTTGCACAGGA), Gfap-R (CAGCCTCAGGTT GGTTTCAT), Pedf-F (GCCCAGAT GAAAGGGAAGATT), Pedf-R (TGAGGGCACTGGGCATTT), RpL13A-F (TCTCAAGGTTGTTCGGCTGAA), RpL13A-R (GCCA GACGCC CCAGGTA), Tsp1-F (TGGCCAGCGTTGCCA), Tsp1-R (TCTGCAGCACCCCCTGAA), Vegf-F (GGAGAGCAGAAGTCC CATGA), and Vegf-R (ACTCCAGGGCTTCATCGTTA). Amplification parameters were as follows: 958C for 2 minutes, 40 cycles of amplification (958C for 15 seconds, 608C for 40 seconds), and dissociation curve step (958C for 15 seconds, 608C for 15 seconds, 958C for 15 seconds). The linear regression line for nanogram of DNA was determined from relative fluorescent units at a threshold fluorescence value (Ct) to gene targets from retina extracts and normalized by the simultaneous amplification of RpL13A (a housekeeping gene) for all samples. Mean and standard deviation of all experiments performed were calculated after normalization to RpL13A.
Phase II
Laser-Induced CNV and Its Measurement. Forty-two C57BL/6J mice were selected for the second phase of the study. Rupture of the Bruch's membrane was induced in the right eye of each mouse via laser. Briefly, after general anesthesia and pupillary dilation, three bursts of a 532-nm diode laser (spot size, 100 lm; duration, 0.1 second; power, 100-300 mW) were delivered to each retina in the 9-, 12-, and 3-o'clock meridians. The procedure was performed with a slit lamp delivery laser system and a round glass cover slip as a contact lens to view the signs of Bruch's membrane rupture as a bubble formation. Cases with extensive hemorrhage were excluded. The mice were then divided into two groups: (1) the treatment group (n ¼ 21) that received a single intravitreal injection of the maximum safe dose of propranolol (2 ll; 0.3 lg) set for mice in the right eyes and (2) the control group (n ¼ 21) that received a single intravitreal injection of saline (2 lL) in the right eyes. Intravitreal injections were performed at the time of laser application. Mice were euthanized on day 28, 15 eyes were enucleated, and fixed in 4% paraformaldehyde at 48C for 2 hours. To obtain the posterior sclerochoroidal eyecup, eyes were transferred to phosphate-buffered saline (PBS) and sectioned at the equator by using a stereoscopic zoom dissecting microscope (LABOMED, Luxeo 4Z No. 444000; Nightingale Sales, Inc., Fort Myers, FL, USA). After 1 hour of incubation in blocking buffer (20% fetal calf serum, 20% normal goat serum, and 0.01% Triton X-100 in PBS) at room temperature, the posterior eyecups were incubated with antiintercellular adhesion molecule (ICAM)-2 (1:500 in blocking buffer, catalog No. 553326; BD Biosciences, San Jose, CA, USA) overnight at 48C. The samples were then washed three times with PBS and incubated with the Cy-3 anti-rat secondary antibody (1:500 in blocking buffer; catalog No. 712-165-153; Jackson ImmunoResearch, West Grove, PA, USA) for 2 hours. Finally, the posterior eyecups were flattened by 5 to 6 relaxing radial incisions and mounted on a glass slide with VectaMount AQ (Vector Laboratories, Malvern, PA, USA). The CNV images were captured with an inverted microscope (Olympus TH4-200; Olympus, Tokyo, Japan) fitted with appropriate excitation and emission filters (Olympus U-RSL-T) and equipped with a digital camera (Olympus U-TV0.63xc). ImageJ software (ImageJ 1.48, http://imagej.nih.gov/ij/; provided in the public domain by the National Institutes of Health, Bethesda, MD, USA) was used to quantify the total area of CNV associated with each laser burn.
Statistical Analysis. One-way analysis of variance was used to test the differences between ERG findings of treatment and control eyes. This test was also used to compare mean scores of GFAP immune reactivity between the study groups. The significance of differences between two time schedules for each group was tested by using paired t-test. Means and standard deviations of the CNV area in each group were calculated. Statistical difference between the treatment and control groups was determined by using the Mann-Whitney test. P value less than 0.05 was considered statistically significant.
RESULTS
Phase I
Systemic delivery of propranolol has shown efficacy in inhibition of neovascularization in various models including CNV.
14 Although systemic delivery of propranolol results in its delivery into the eye, a significantly higher concentration of propranolol may be needed to reach its therapeutic level in the eye. 16 The higher systemic doses of propranolol may have adverse effects. 17 Therefore, we determined the impact of intravitreal delivery propranolol and its potential ocular toxicity in rabbits and mice. Animals received a single intravitreal dose of propranolol representing different amounts of propranolol. Animals were subjected to regular eye examination at 7 and 28 days post injection. Ocular inflammation, cataract formation, and retinal damage were not observed in clinical examinations of rabbit and mice eyes receiving different doses of propranolol.
Rabbit ERG Analysis. Rabbits receiving different doses of propranolol were subjected to ERG analysis both at baseline and then after 7 and 28 days post injection. The Table shows the mean amplitudes of a-and b-waves of all groups at baseline and on days 7 and 28 post injection. In group D (the highest dose), the photopic a-and b-wave amplitudes were significantly decreased on day 28 compared with the baseline (P ¼ 0.009 and P ¼ 0.005, respectively). Thus, the lower doses of propranolol had no significant effect on retinal function.
Light Microscopy. For histologic evaluations, animals were scarified at desired times post treatment and eyes were prepared as detailed in Methods. Histopathologic examinations revealed no evidence of retinal hemorrhage, inflammation, necrosis, or atrophy in the rabbit groups (Figs. 1A1-D1 , which was statistically significant (P < 0.0001, P < 0.003, and P < 0.022, respectively). Light microscopic results, correlating with the ERG outcomes, demonstrated retinal toxicity attributable to IVP injection with a dose of 60 lg, but not with the doses of 15 and 30 lg. There was no evidence of retinal toxicity in the histologic sections of the fellow (noninjected) eyes.
In the mice, light microscopic examinations disclosed focal atrophic changes of retinal layers in four of six eyes (66.7%) in group IV that received IVP injection of 0.6 lg. The atrophic changes were focally observed in photoreceptor outer segments, outer nuclear layer, inner nuclear layer, and ganglion cell layer. Such microscopic changes were not evident in any of the other groups (groups I-III) of the mice (Figs. 2A1-D1 ). Despite prominent histopathologic changes in group IV, mean score of GFAP immunoreactivity was not significantly different in any of the groups I to IV (I: mean [ (Figs. 2A2-D2) . However, the dose of 0.6 lg IVP was considered toxic for mice retinas with reference to the marked retinal changes in routine histopathology in group IV. Histologic assessment of noninjected eyes was unremarkable in all eyes.
The expression of GFAP (glial marker), TSP1 and PEDF (antiangiogenic factors), and VEGF (proangiogenic factor) were also determined by qPCR analysis. Figure 3A shows a modest increase in GFAP levels in the retinas from mice receiving 0.3 and 0.6 lg propranolol, with the highest expression observed in the 0.6-lg dose. These results are consistent with immunohistochemically detected GFAP in histologic sections from rabbit and mice eyes (Figs. 1, 2) . We observed no dramatic change in VEGF expression in retinas from mice receiving 0.3 or 0.6 lg propranolol. However, a modest increase was observed at 0.15 lg propranolol (Fig. 3B) . The TSP1 level was increased in retinas with 0.3 lg propranolol, and no additional increase was noted with 0.6 lg propranolol (Fig. 3C) . The expression of PEDF did not change with various amounts of propranolol (Fig. 3D) .
Phase II
Considering the results of phase I study, the dose of 0.3 lg IVP in mice eyes, corresponding to the dose of 30 lg in rabbit eyes, [49,274] lm 2 ; n ¼ 17 eyes), which was statistically significant (*P < 0.001) (Fig. 4C) .
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DISCUSSION
In this study IVP doses of 30 and 0.3 lg were found to be safe when used in rabbit and mice eyes, respectively. This dose in the mouse eyes resulted in significant attenuation of neovascular outgrowth in the laser-induced CNV model. These results suggested that IVP, similar to its systemic administration, 11, 14 FIGURE 2. Representative histologic sections of neurosensory retinas in groups I to IV: (A1) group I, (B1) group II, (C1) group III, and (D1) group IV (hematoxylin-eosin stain, magnification: 3400). Please note unremarkable retinal layers in (A1), (B1), and (C1) in comparison to focal retinal atrophic changes in (D1). Please also note the presence of atrophic photoreceptor outer segments (black asterisk), atrophic changes in outer and inner nuclear layers (black arrows), and focal loss of ganglion cells (white asterisks) in a folded retina in (D1). White arrows demonstrate where the internal limiting membranes of the folded retina artifactually face each other. The GFAP immunoreactivity of the representative retinas in groups I to IV: (A2) group I, (B2) group II, (C2) group III, and (D2) group IV (magnification: 3400). No significant changes in GFAP immunoreactivity were detectable in the representative sections. Please see the Results section for quantitative assessments of the data. had antiangiogenic properties and may be suitable as a new treatment modality for exudative age-related macular degeneration. Furthermore, with IVP injection the side effects of systemic route may be minimized as demonstrated with eye drop delivery of propranolol for treatment of retinal neovascularization. 16, 18 Intravitreal propranolol injection can provide a higher concentration of drug in the retina and choroid. In the study by Martini et al., 19 after subcutaneous administration of 20 mg/kg propranolol three times daily, the concentration of propranolol in the retina was 20.02 6 3.21 lg/g. Whereas another study assessing the pharmacokinetics of propranolol in the isolated perfused ovine eye indicates that after 500 lg intravitreal injection of propranolol, the peak level of drug in the retina is 1240 ng/g only 3 hours after injection, and in the choroid a peak level of 4975 ng/g is obtained 7 hours after injection. 20 Thus, topical and intravitreal delivery of propranolol leads to significantly higher ocular levels, and its lower systemic levels may eliminate potential complications. [16] [17] [18] 21, 22 Previous studies have demonstrated various results regarding the possible role of different b-ARs in retinal angiogenesis. In a study by Martini et al., 19 b1 agonists do not affect angiogenic phenotype in human choroidal and retinal endothelial cells. Moreover, b1 blockade does not affect retinal levels of proangiogenic factors. 19 However, Dal Monte et al. 23 have shown that b1-AR may play a pivotal role in retinal angiogenesis. 23 Most studies 11, 19 also indicate that b2-AR plays a key role in the angiogenic processes in CNV and oxygeninduced ischemic retinopathy (OIR). Steinle et al. 24 and Ristori et al. 11 have suggested that b3-ARs can also induce retinal endothelial cell proliferation and migration. Thus, additional studies using specific antagonists of b-AR and/or transgenic mice lacking specific b-AR are needed to demonstrate the specific b-AR involved in these activities.
Propranolol as a nonselective b-blocker inhibits growth factor-induced endothelial cell proliferation, growth factorinduced migration, VEGF-induced MMP-2 secretion, and VEGFinduced tyrosine phosphorylation of VEGFR-2 in an in vitro study. 9 The authors 9 conclude that inhibitory effects of propranolol on angiogenesis affects not only b-AR signaling but also the inhibition of the VEGFR-2 pathway. Later studies 11, 19 evaluating the inhibitory effects of systemic propranolol on neovascularization in mice models of OIR have indicated that the systemic administration of propranolol reduces retinal VEGF, IGF-1, retinal neovascularization, and vascular leakage.
We recently have demonstrated that intraperitoneal injection of propranolol ameliorates CNV size and decreases VEGF level via b2-AR blockade in various ocular cell types including RPE and choroidal endothelial cells. 15 Most interestingly, the basal level of VEGF is not affected by the b2-AR blockade, since basal VEGF expression and/or activity is essential for a number of systemic functions and neuronal integrity of the retina. 14 Thus, the use of b2-AR blockade may provide a specific mechanism to selectively reduce pathologic levels of VEGF without affecting the basal levels needed for normal tissue functions. Here we also observed an increase in the level of TSP1 in retinas with 0.3 lg propranolol, without a dramatic effect on the levels of VEGF. Thus, increased production of TSP1 by propranolol may also contribute to attenuation of CNV, as we have recently demonstrated with a TSP1 mimetic peptide. 25 The higher levels of VEGF at 0.15 lg propranolol, without a change in TSP1 level, suggest this dose of propranolol may not be as effective in blocking CNV and awaits further confirmation. The expression of desired genes was determined by qPCR and specific set of primers as detailed in the Methods. Please note a dramatic increase in the level of GFAP in retinas with 0.6 lg propranolol. The VEGF levels (all isoforms) were not affected at 0.3 lg propranolol, but a modest increase was detected in retinas with 0.15 lg propranolol. The level of TSP1 was increased at 0.3 lg propranolol but PEDF levels did not change.
Multiple factors may be responsible for VEGF expression in CNV. Hypoxia seems to be the main factor for VEGF expression in retinal neovascularization, but it may not play a specific role in a vascular-rich background of the choroid and therefore in CNV. However, an important role for expression of HIF-1 in RPE cells and CNV has been demonstrated. 26 It is also possible that other factors such as age, insulin-like growth factor 1, inflammatory cytokines, transforming growth factor b, 1,5-7 and adrenergic signaling contribute to VEGF expression in CNV. The results of our study with adrenergic blockade suggest adrenergic signaling is one of the specific contributors to alterations in the ocular angiogenic balance and CNV. However, the detailed mechanisms and the target cells involved remain the subject of future investigation.
One of the limitations of this study was the short follow-up time and knowledge of propranolol half-life during the phase I study. However, the results of ERG analysis demonstrated that a single injection of 60 lg propranolol in rabbit eyes induced significant reduction of photopic a-and b-waves. This finding may indicate that IVP toxicity first affects cone photoreceptors, and longer follow-up is needed to assess the toxic effects of IVP on rod photoreceptors. Consistent with ERG results, the histologic evaluations showed early toxic effects without significant photoreceptor loss in 60-lg and 0.6-lg groups in the rabbits and mice, respectively. However, a longer follow-up may demonstrate more toxic effects. Therefore, future studies with longer follow-up times and multiple intravitreal propranolol injections are needed to assess the long-term toxicity of this treatment.
In summary, the present study showed the safety of a single IVP injection of 30 lg in rabbits and 0.3 lg in mice. In addition, a single intravitreal delivery of 0.3 lg propranolol in mice had a significant inhibitory effect on CNV. Further studies are required to confirm the efficacy of IVP, alone or as adjuvant to existing modalities, as an appropriate treatment for translation to human ocular neovascular disorders.
